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Biochemical and structural characterization studies on the p7 putative movement protein from a Spanish isolate of
carnation mottle carmovirus (CarMV) have been conducted. The CarMV p7 gene was fused to a sequence coding for a
six-histidine tag and expressed in bacteria, allowing the purification of CarMV p7 and the production of a specific antiserum.
This antiserum led to the immunological identification of CarMV p7 in infected leaf tissue from the experimental host
Chenopodium quinoa. Putative nucleic acid-binding properties of the CarMV p7 have been explored and demonstrated with
both electrophoretic mobility shift and RNA–protein blot in vitro assays using digoxigenin-labeled riboprobes. CarMV p7 did
not show preferential binding to any of the different regions of the CarMV genomic RNA tested, suggesting that RNA binding
was sequence nonspecific. Quantitative analyses of the data allowed calculation of the apparent dissociation constant of the
p7–RNA complex (Kd ; 0.7 mM) and supported a cooperative type of binding. A small 19-amino-acid synthetic peptide whose
sequence corresponds to the putative RNA-binding domain of CarMV p7, at the basic central part of the protein, was
synthesized, and it was demonstrated that it binds viral RNA probes. Peptide RNA binding was as stable as p7 binding,
although data indicated it was not cooperative, thus suggesting that this cooperative binding requires another motif or motifs
within the p7 amino acid sequence. The peptide could be induced to fold into an a-helix structure in which amino acids that
are conserved among carmovirus p7-like proteins are distributed on one side. This a-helix motif could define a new and
previously uncharacterized RNA-binding domain for plant virus movement proteins. © 1999 Academic Press
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8INTRODUCTION
Plant virus cell-to-cell movement is requisite for viral
ystemic infection and is an active process in which
iral-encoded movement proteins (MP) are involved, as
efined by reverse genetic analyses (Carrington et al.,
996; Deom et al., 1992). This process has common
haracteristics among different groups of viruses be-
ause some viruses can assist the movement of others
hat belong to different taxonomic groups, despite host
ange differences and lack of sequence conservation
Malyshenko et al., 1989). Moreover, MPs from different
axonomic groups are functionally interchangeable in
ome examples (De Jong and Ahlquist, 1992; Giesman-
ookmeyer et al., 1995). The mechanism of viral cell-to-
ell movement is mediated to some extent by the prop-
rties of the corresponding MP or MPs. Movement pro-
ein properties are best described for the tobacco
osaic tobamovirus (TMV) model system. The TMV 30-
Da MP possesses several functions: it (1) binds single-
tranded (viral) RNAs in vitro (Citovsky et al., 1990, 1992);
2) interacts with components of the cell cytoskeleton
Heinlein et al., 1995; McLean et al., 1995); (3) is targeted
1 To whom reprint requests should be addressed at Apartado de
aorreos 4195. E-mail: vpallas@natura.cebas.csic.es.
042-6822/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
354o the plasmodesmata, where it increases their size
xclusion limit (Wolf et al., 1989), and (4) mediates an
ctive cell-to-cell movement of viral genomes (Deom et
l., 1987). All these properties define a model mechanism
or the intracellular and intercellular transport of TMV,
nown as the TMV-like mechanism. There are other
ossible movement mechanisms, such as the tubule-
ediated transport best described for cowpea mosaic
omovirus (van Lent et al., 1991). Since the discovery of
he RNA-binding properties of the TMV 30-kDa MP, ex-
erimental evidence has shown this property among
ifferent MPs. Unfortunately, studies such as MP struc-
ure analyses, which would shed light in the structure–
unction relationships of this class of proteins, are
parse.
Carnation mottle carmovirus (CarMV) is the type mem-
er of the genus Carmovirus within the family Tombus-
iridae of plant viruses (Morris and Carrington, 1988;
usso et al., 1994). The complete nucleotide sequence of
arMV has been determined (Guilley et al., 1985), and
rom those and subsequent observations, it is concluded
hat the 4.0-kb CarMV genome encodes at least five
roteins (Fig. 1A). The 59 terminal open reading frame
ORF) codes for a protein of 27 kDa (p27). p27 terminates
ith an amber stop codon whose read through renders a
6-kDa protein (p86) that contains the GDD motif char-
cteristic of viral RNA-dependent RNA polymerases. It
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355RNA-BINDING DOMAIN OF THE CarMV p7as been demonstrated in the related turnip crinkle car-
ovirus (TCV) that proteins homologous to p27 and p86
re required for viral RNA replication (Hacker et al.,
992). The sequence coding for the 38-kDa coat protein
CP) is the most 39 terminal reading frame. In the central
egion of the genome are located two small ORFs (7 and
kDa) that would code for p7 and p9 polypeptides.
everse genetic studies have defined the TCV homolo-
ous proteins (p8 and p9) as MPs because their disrup-
ion blocks the cell-to-cell movement function of the virus
Hacker et al., 1992). Recently, it has been demonstrated
hat movement-defective TCV mutants are comple-
ented in trans by p8 or p9 produced in transgenic
lants (Li et al., 1998). It is established that two sub-
enomic RNAs (sgRNA) of ;1.5 and 1.7 kb, coterminal
ith the 39 genomic end, are produced during the car-
ovirus infection cycle. The smaller sgRNA directs the
ranslation of the CP, whereas the larger one appears to
e a bicistronic RNA that would direct the translation of
he two central small proteins by via uncharacterized
echanism (Morris and Carrington, 1988; Russo et al.,
994).
Very little is known about carmovirus MPs. As has
een noted previously for the related necrovirus proteins
Offei et al., 1995), CarMV p7 and p9, as well as homol-
gous proteins from other carmoviruses, do not seem to
FIG. 1. (A) Schematic diagram of the 4.0-kb-long CarMV RNA genom
shaded box. The location, size, and nomenclature of the four CarMV-
he diagram. (B) Sequence alignment and secondary structure predicti
o far. An asterisk (*) indicates the Glu at position 11 at which CarMV
rediction that indicates the regions in which all the six proteins are pr
t is also shown the consensus sequence either as single-letter amino
r V). Basic residues (K and R) are indicated in bold characters, and res
racket shows the location of the 19 residue peptides synthesized anhare amino acid motifs described in MPs from other airal taxa (Koonin et al., 1991). In addition, their small size
akes p7 and p9 amenable for structural and functional
tudies. In the present work, biochemical and structural
haracterization studies on the p7 MP from a Spanish
solate of CarMV were conducted. It is reported that
arMV p7 is an RNA-binding protein, and an RNA-bind-
ng domain has been localized to a 19-residue sequence.
his sequence defines a domain that folds into a char-
cteristic a-helix with the ability to bind RNA.
RESULTS
roduction of CarMV p7 in Escherichia coli and
mmunodetection in CarMV-infected plant tissue
The gene coding for the p7 protein from a Spanish
solate of CarMV (CarMV-Dix) was cloned following a
T-PCR approach and subsequently sequenced. Se-
uence comparisons exhibited a high degree of se-
uence conservation with the reference isolate (Guilley
t al., 1985) (X02986), with only six nucleotide differences
98.4% identity) and a single amino acid change
Gly113Glu, shown in Fig. 1B). Alignment of sequence
nd secondary structure predictions were conducted
ith the proteins homologous to p7 from six carmovi-
uses (Fig. 1B). Several conclusions can be drawn from
hese analyses: (1) several acid residues are present
ing the ORFs represented as boxes and the p7 ORF represented as
riboprobes used in the present study are shown as thick lines under
arMV-Dix p7 and the five related ORFs from carmoviruses sequenced
fers from the reference CarMV. (Top) Consensus secondary structure
to contain either a-helixes (stripped boxes) or b-sheets (broken line).
odes or as symbols that indicate 1 (K or R), 2 (D or E), and ● (A, I, L,
onserved in at least five out of the six sequences are underlined. The
cterized in this work.e, show
specific
on of C
-Dix dif
edicted
acid c
idues cmong the first amino acids (4 of the first 11 in the case
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356 MARCOS ET AL.f CarMV-Dix), resulting in a negative charge density
istribution at the N-terminal part of the proteins (not
hown); (2) there is a highly conserved C-terminal motif
ith a conservation in the secondary structure predic-
ion; and (3) the central part of the molecule is rich in
asic residues and contains a region for which an a-he-
ix is predicted. All the proteins are very basic (pI ; 9.3
or CarMV-Dix).
To obtain pure CarMV p7 suitable for characterization,
ts ORF was fused to a sequence coding for a six-
istidine tag and expressed in E. coli. After induction of
xpression, a prominent protein band of the expected
ize appeared in protein extracts from bacteria (Fig. 2A).
he presence of the histidine tag allowed the purification
f the protein through a Ni11 column in the absence of
etectable contaminants (Fig. 2A, lane 3) and the subse-
uent production of a specific polyclonal antiserum. It
hould be noted, however, that protein purification could
nly be achieved under denaturing conditions (8 M urea
n both the column binding and elution buffers; see
Materials and Methods”).
The antiserum led to the immunological identification of
arMV p7 in protein extracts from bacteria (Fig. 2B). Most
mportantly, the protein was identified when infected leaf
xtracts from the experimental host Ch. quinoa were ana-
yzed by Western blotting (Fig. 3), thus demonstrating for the
irst time the production of CarMV p7 in a natural infection
nd justifying its characterization. In these experiments, the
ilms had to be overexposed (Fig. 3C), partly because of the
oor transfer of the protein (due to its basic properties). In
act, no more than 5% of p7 was transferred, as deduced
rom staining of the gel and membranes (not shown). Over-
FIG. 2. Expression of CarMV p7 gene in E. coli and production of a sp
B) Western blot immunodetection with CarMV p7-specific antiserum, of
rotein extracts from bacteria transformed with either plasmid pQE-30 (
y metal chelation (lanes 3). Lane M corresponds to protein molecula
ndicated on the left). The position of CarMV p7 is indicated with an axposure of the films led to the appearance of some host proteins that, in any case, did not impair the detection of
arMV p7.
NA-binding properties of CarMV p7 in RNA–protein
lot assays
We explored the putative RNA-binding properties of
arMV p7 produced in bacteria. Nonradioactive digoxi-
enin-11-UTP (DIG)-labeled riboprobes were used in all
he experiments described here, contributing to the dem-
nstration of the feasibility of this kind of labeling for
NA-binding studies (Vaquero et al., 1997). CarMV p7
NA-binding properties were initially demonstrated in an
NA–protein Western blot assay, in which proteins from
ontrol and p7-producing bacteria as well as purified p7
ere included (Fig. 4A). An RNA-binding signal corre-
ponding to CarMV p7 showed unequivocally, although
he blots had to be overexposed again due to the poor
ransfer of p7, and four or five bacterial protein bands
howed binding.
To circumvent loss of signal due to low blotting effi-
iency, a protein dot-blot assay for RNA binding was set
p in which protein preparations were directly applied
nto membranes (Fig. 4B). Membranes were subjected
o red Ponceau S staining (not shown) and immunode-
ection with anti-p7 antiserum (Fig. 4B) as additional
ontrols to show the amounts of proteins on the mem-
ranes. RNA binding was demonstrated for purified
arMV p7 and for crude extracts from bacteria contain-
ng the p7 gene, as opposed to control bacteria and BSA
reparations. These RNA–protein blot assays were also
onducted at different salt concentrations. Binding was
table up to 400 mM NaCl (Fig. 4B), suggesting that
antiserum. (A) Coomasie blue staining of 18% SDS–PAGE analysis and
s produced in E. coli after IPTG induction. Samples analyzed were total
) or pQE-7K (lanes 2) and His-tagged CarMV p7 purified from bacteria
ht markers (the molecular mass in kDa and positions of markers are
ad.ecific
protein
lanes 1
r weig7–RNA complex formation is not solely due to the elec-
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357RNA-BINDING DOMAIN OF THE CarMV p7rostatic interactions between the nucleic acid and the
asic protein. This level of salt resistance was similar to
hat obtained with some other MPs (Li and Palukaitis,
996; Osman et al., 1992; Wobbe et al., 1998).
NA-binding properties of CarMV p7 in EMSA
Subsequent experiments were designed to demon-
trate RNA binding of CarMV p7 in solution. As predicted,
he purified p7 preparations described above containing
FIG. 3. Identification of CarMV p7 in infected leaf tissue from the e
nalysis of proteins and Western blot immunodetection with either (B) C
is-tagged CarMV p7 purified from bacteria by metal chelation (lanes 1
arMV-inoculated (lanes 3). The positions of CarMV CP (B) and CarMV
.
FIG. 4. Analysis of RNA-binding properties of CarMV p7 by RNA–
lectrotransfer of total protein extracts from bacteria transformed with
7 purified from bacteria (lane 3). Samples analyzed were the same a
rrowhead. (B) RNA–protein dot-blot assay of total protein extracts fr
urified from bacteria, and BSA (as negative control), as indicated at
embrane at the left was subjected to red Ponceau S staining (not sh
mmunodetection with CarMV p7-specific antiserum to confirm the pr
NA–protein blot assays for binding to the pCarM.7KH DIG riboprobe at therea (even at concentrations as low as 50 mM) failed to
ind RNA in solution (not shown). Methods for His-
agged protein purification under nondenaturing condi-
ions were unsuccessful. Therefore, several procedures
ere tested to remove urea while keeping p7 in a soluble
orm, but most failed and resulted in loss of protein.
inally, gel filtration chromatography through Sephadex
-25 was used to exchange the buffer; unexpectedly,
nly a minor proportion of p7 (,10%) eluted in the void
ental host Ch. quinoa. (A) Coomasie blue staining of 18% SDS–PAGE
P-specific or (C) CarMV p7-specific antisera. Samples analyzed were
otal protein extracts purified from leaf tissue either mock- (lanes 2) or
) are indicated with arrowheads. Other details as in the legend of Fig.
blot assays. (A) RNA–protein blot assay after 18% SDS–PAGE and
plasmid pQE-30 (lane 1) or pQE-7K (lane 2) and of His-tagged CarMV
g. 2. The position of the RNA-binding CarMV p7 is indicated with an
teria transformed with either plasmid pQE-30 or pQE-7K, CarMV p7
t side. Serial 5-fold dilutions were applied onto the membranes. The
confirm amounts of proteins retained on the membranes and then to
of CarMV p7. The middle and right membranes were subjected toxperim
arMV C
) and t
p7 (Cprotein
either
s in Fi
om bac
the lef
own) to
esenceindicated NaCl concentrations in the RN buffer.
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358 MARCOS ET AL.olume of the column, whereas the remainder of the
rotein eluted in fractions presumed to contain the de-
aturant (not shown). Void volume fractions containing
arMV p7, although very diluted, had RNA-binding prop-
rties (see below) and were concentrated and used in
he following studies. These purified preparations were
tored in BB buffer at 220°C for up to 3 months, remain-
ng intact as judged by SDS–PAGE and RNA-binding
nalyses.
Gel retardation (Carey, 1991) was used for the analysis
f the p7–RNA interaction in solution. Figure 5A shows a
epresentative EMSA of the binding of CarMV p7 to a
iral DIG-labeled RNA (pCarM.D5 probe). Increasing
oncentrations of p7 lowered the amount of free RNA
robe and resulted in the formation of an RNA–p7 com-
lex that became detectable at 20 ng of CarMV p7 (0.24
FIG. 5. Analysis of RNA-binding properties of CarMV p7 by EMSA. (
) or with 2, 20, 40, 80, 150, 300, and 600 ng of CarMV p7 (lanes 2–8)
nti-DIG antibody conjugated to AP. The position of free and protein-bo
ith probes pCarM.27K, pCarM.7KH, and pCarM.Ec3. (B) RNA-binding
hown in A. The fraction of free RNA was plotted versus CarMV p7 co
ata from representative experiments with the four viral probes used in
he fraction of free RNA was plotted versus the log of CarMV p7
oncooperative interaction with Kd 5 0.7 mM (value determined from d
pplied to data in C to plot the log [(1 2 x)/x] versus the log of CarMV
it determined by least-squares analysis, with the corresponding r co
etermines the Hill coefficient.M) (Fig. 5A, lane 3). At 300 ng of protein (lane 7), the free nNA band disappeared, and the resulting complex,
hich could not enter the electrophoresis gel, was even
ifficult to transfer to a nylon membrane (a step required
or the detection of the probe; see “Materials and Meth-
ds”). Disappearance of the free RNA band is evidence
f complex formation (Carey, 1991) and was therefore
uantified by film densitometry. Plots of the fraction of
nbound RNA at the different concentrations of p7 used
Fig. 5B) showed a sigmoidal binding curve. Similar re-
ults were obtained with the three other viral riboprobes
ested (not shown). All the RNAs were bound at approx-
mately the same protein concentration and all displayed
imilar curves, indicating that CarMV p7 binds the differ-
nt RNAs with comparable affinity and properties. No
vidence was found for preferred binding to any of the
arMV RNAs, which ranged in size from 181 to 1181
of DIG-labeled pCarM.D5 probe was incubated with no protein (lane
ted to electrophoresis, transferred to membranes, and detected with
obe is indicated at the left by drawings. Similar results were obtained
f CarMV p7 to probe pCarM.D5, obtained from data of the experiment
tion. (C) RNA-binding curve of CarMV p7 to different viral riboprobes.
ork were plotted together to stress equivalent binding to all the RNAs.
tration. The thin dotted line is the theoretical binding curve for a
). (D) Hill plot of RNA binding of CarMV p7. A Hill transformation was
centration, where x is [RNA]/[RNA]tot). The thin dotted line is the best
t and equation given in the insert. The slope of the best-fit equationA) 1 ng
, subjec
und pr
curve o
ncentra
this w
concen
ata in D
p7 con
efficienucleotide residues (Fig. 1A). This equivalent binding
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359RNA-BINDING DOMAIN OF THE CarMV p7as further demonstrated when data from independent
xperiments that included all the four CarMV probes
ere plotted versus the log of protein concentration (Fig.
C). Again, the experimental values distributed over an
deal sigmoidal area of the plot.
The absence of detectable intermediate complexes in
MSA (i.e., “all-or-none” behavior) or sigmoidal shape of
inding curves or both have been taken in some previ-
us studies as indicative of cooperativity. However, the
bsence of intermediate complexes could be due to the
inding of RNA to a single protein monomer in a protein
ggregate, and as noted previously (Carey, 1991), all
inding data plotted as in Figure 5C appear to be sig-
oidal. Daro´s and Carrington (1997) applied a Hill trans-
ormation to RNA-binding data from tobacco etch potyvi-
us (TEV) NIa protein to quantify cooperativity. A Hill
ransformation was used to analyze our data (Fig. 5D).
rom the linear regression adjustment, a Hill coefficient
of 1.6 was obtained; this value above 1 (c 5 1 is
ndicative of no cooperativity) would be taken as a weak
ndication of positive cooperativity. Because RNA con-
entration was negligible over p7 concentration at the
idpoint of maximal binding (400-fold lower), the appar-
nt dissociation constant (Kd) for the RNA–p7 complex
ould be estimated from the linear regression curve as
he p7 concentration at which half of the RNA is bound,
nd it was found to be 0.7 mM. Further support for
ooperative binding comes from the absence of fitting
hen experimental data were compared with a theoret-
cal binding curve for noncooperative binding with the
issociation constant equal to 0.7 mM (Fig. 5C): the data
t concentrations lower than Kd were mostly above the
heoretical curve, whereas at concentrations higher than
d, values were below the curve (i.e., with a more pro-
ounced slope).
Competition experiments were conducted to examine
he nucleic acid-binding specificity of p7 (Fig. 6, data
hown for pCarM.7KH probe). BSA did not produce elec-
rophoretic retardation of the RNA probe (Fig. 6, lane 3).
he ssRNA either containing probe sequences (unla-
eled probe, lane 4, and CarMV RNA, lane 6) or not
pCarM.27K transcript, lane 5, and TMV RNA, not shown)
ompeted very efficiently for probe binding. Highly struc-
ured RNAs as tRNA did not compete (50-fold weight
xcess did not alter binding, lane 7), whereas plasmid
sDNA partially displaced the binding (lane 8). It was
oncluded that CarMV p7 has a preference for ssRNA
inding, albeit also being capable of binding other nu-
leic acids such as dsDNA.
haracterization of an RNA-binding domain from
arMV p7
The CarMV p7 protein has eight basic residues lo-
ated between amino acids 19 and 35 (Fig. 1B), with the
otential of interacting with RNA. A small 19-amino-acid mynthetic peptide was synthesized whose sequence cor-
esponds to residues 17–35 in the basic central part of
he protein (Fig. 1B). EMSA demonstrated that this short
eptide binds to viral RNA in solution (Fig. 7A). The
isappearance of free RNA probe was quantified and
lotted versus the log of peptide concentration (Fig. 7B),
nd the same approach used with the p7 protein was
ollowed (not shown) to conclude that (1) the apparent Kd
or the peptide–RNA complex was ;1.1 mM (roughly as
table as the protein), and (2) peptide binding seemed
ot to be cooperative (Hill coefficient 5 0.8). This latter
onclusion was further supported by the good adjust-
ent of the empirical data to a theoretical noncoopera-
ive binding curve (Fig. 7B). This result suggests that the
rotein sequences that confer cooperativity are located
lsewhere in the p7 sequence. To discard the possibility
hat DIG labeling could affect the quantification of bind-
ng parameters, the experiment in Fig. 7A was repeated
ith unlabeled RNA probe (i.e., later detected by hybrid-
zation) to confirm that the determined Kd value was
ssentially the same (not shown).
The folding of the isolated RNA-binding domain of p7
as examined through far-UV circular dichroism spec-
roscopy of the synthetic peptide. The isolated peptide
as randomly structured in aqueous solution (Fig. 8A,
otted line). However, it must be noted that an environ-
FIG. 6. Specificity of RNA-binding properties of CarMV p7 as deter-
ined by EMSA; 1 ng of DIG-labeled pCarM.7KH probe was incubated
ither alone (lane 2) or with 500 ng of BSA (lane 3), 200 ng of CarMV p7
lane 1), and 200 ng of CarMV p7 in the presence of 10 ng of nonlabeled
CarM.7KH transcript (lane 4), 10 ng of nonlabeled pCarM.27K tran-
cript (lane 5), 10 ng of CarMV RNA (lane 6), 50 ng of tRNA (lane 7), and
0 ng of linear pBS/KS (lane 8). The position of free and protein-bound
robe is indicated at the right by drawings. Equivalent results were
btained with probe pCarM.27K.ent very different to aqueous solution presumably sur-
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360 MARCOS ET AL.ounds the peptide sequence within the protein. It has
een established that the molecular environment is im-
ortant in determining the secondary structure formed by
n amino acid sequence. Solvents have been described
imulating the context of protein environment, such as
onmicellar SDS and water–alcohol mixtures with triflu-
rethanol (TFE) or methanol, and thus are considered to
e potent inducers of a secondary structure for which an
mino acid sequence has propensity to fold into natu-
ally. The CarMV p7-derived peptide could be induced to
old into a secondary structure with increasing content of
-helix in the presence of increasing concentrations of
FE, and at 60–70% TFE, the peptide helix content
eached a plateau (not shown). At 80% TFE, the circular
ichroism spectra displayed a typical double minimum at
FIG. 7. Analysis by EMSA of RNA-binding properties of a synthetic
eptide derived from CarMV p7. The location of the sequence of the
eptide (Ac-GNRGKQKTRRSVAKDAIRK-Am) within p7 is shown in Fig.
B. (A) 1 ng of DIG-labeled pCarM.7KH probe was incubated with no
eptide (lane 1) or with increasing amounts of peptide, 12.5, 25, 50, 100,
00, 400, and 800 ng (lanes 2–8), and analyzed by EMSA. The position
f free and peptide-bound probe is indicated at the right by drawings.
imilar results were obtained with probes pCarM.D5 and pCarM.27K.
B) RNA-binding curve of the CarMV p7-derived peptide to the viral
CarM.7KH riboprobe. Data from two representative experiments (one
f them shown in A) were plotted as fractions of free RNA versus the
og of peptide concentration. The thin dotted line is the theoretical
inding curve for a noncooperative interaction with Kd 5 1.1 mM (the Kd
alue was determined from a Hill transformation of the data).08 and 220 nm, and from the ratio of molar ellipticities ot 207 and 222 nm, it is concluded that it folds into an
-helix (Fig. 8A). Analysis of the data (Provencher and
lo¨ckner, 1981) allowed to conclude that roughly 55–60%
f the residues are folded into a-helix (i.e., 10–11 of 19
esidues in the peptide). This experimental result vali-
ates the secondary structure predictions that had been
onducted with the sequence alignments as input data
Fig. 1B).
DISCUSSION
Few data are available related to the properties of
armovirus movement proteins, or even to their produc-
ion in the course of viral infections. CarMV p7 and p9 are
redicted, by homology to TCV (Hacker et al., 1992; Li et
l., 1998), to be involved in virus cell-to-cell transport.
ecause of their small size, we speculated that these
Ps are also amenable for functional and structural
haracterization. Functional studies are very sparse for
his class of carmovirus proteins, whereas structural
nalyses would be desirable for most viral MPs.
CarMV p7 was produced in E. coli and purified by
etal chelation. A specific polyclonal antiserum was
aised that allowed the detection of p7 of the predicted
ize in CarMV-infected tissue, demonstrating that the
rotein is produced during infection. Unlike the related
CV p8 (Li et al., 1998), CarMV p7 could be detected in
rude extracts without previous subcellular fractionation
r tissue concentration, although our data (not shown)
uggest that CarMV p7 accumulates in vivo to levels that
re at least 125 times lower than those of the CarMV CP
data obtained from comparison of the signals with both
nti-p7 and anti-CP antiserum with known amounts of
he corresponding proteins).
Based on results with potato carlavirus M (Gramstat et
l., 1994), an alternative translation strategy was postu-
ated for the production from a single sgRNA of the two
mall ORFs in necroviruses and carmoviruses like TCV
nd MNSV (Offei et al., 1995). This strategy would involve
transframe fusion between p7 and p9 (in the case of
arMV). CarMV p7 stop codon shares the transframe
ignal (CUUUUAG, stop underlined); however, the puta-
ive p7:p9 fusion (which would be 13 kDa and most likely
ecognized by the p7 antiserum) was not detected in our
xperiments; only nonfused p7 was. This negative result
hould not be taken as definitive because it is possible
hat the postulated fusion is produced in addition to p7,
lbeit at levels so low that preclude its detection under
ur experimental conditions.
Four different CarMV-specific DIG-labeled RNA probes
ere used to demonstrate in vitro RNA-binding activity of
urified p7 in both EMSA and protein blot assays (Figs.
–7). Both assays were conducted at 100 mM NaCl, ionic
trength conditions within the physiological range. A
uantitative approach allowed the demonstration of co-
perative binding of p7 to RNA. No intermediate binding
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361RNA-BINDING DOMAIN OF THE CarMV p7omplexes were detected, thus supporting a cooperative
iew of the interaction in which the first p7 molecule
inds and boosts subsequent p7 binding, most likely as
result of protein–protein interactions.
The apparent Kd value for the p7–RNA complex was
stimated to be 0.7 mM, which is within the range of
alues reported for other RNA-binding plant virus pro-
eins: for instance, 0.5 mM for the CP of TCV (Skuzeski
nd Morris, 1995) and 1.1–1.3 mM for NIa from TEV (Daro´s
nd Carrington, 1997). This Kd value is clearly higher than
he nanomolar range reported for sequence-specific
NA-binding proteins, like HIV Rev and Tat or human
nRNP U1A, and suggests lack of sequence specificity
Burd and Dreyfuss, 1994; Keenan et al., 1991). The ab-
ence of sequence specificity was supported by the
imilar binding to the four viral probes tested (Fig. 5) and
s a property shared with most (if not all) RNA-binding
Ps. It is possible that other proteins may aid the bind-
ng functions of CarMV p7 in vivo, or even that nonspe-
ific and low-affinity binding is required for its biological
ole. However, the possibility cannot be ruled out that
arMV p7 binds with higher affinity and/or specificity to
ther regions of CarMV RNA not studied in this work.
onspecific dsDNA partially competed for CarMV p7
sRNA binding (Fig. 6), showing that it is bound to some
xtent by the protein as occurs with most nucleic acid-
inding MPs, which have the ability to bind different
ucleic acids.
We hope that the availability of a specific p7 antiserum
ill allow (microscopic) localization studies that will help
n the understanding o the carmovirus movement mech-
nism. However, the RNA-binding properties of p7 do not
ermit conclusions regarding the mechanism of CarMV
FIG. 8. (A) Far UV circular dichroism analyses of the CarMV p7-deriv
n the presence of 80% TFE (line). (B) Model of the RNA-binding domai
nd the homologous regions from carmovirus proteins. The stripped bo
ata in A and structure predictions in Fig. 1B. Basic residues are shown
ymbols as in Fig. 1B, and the corresponding residues in the proteins
arMV p7 (right). The amino acid residues located in the consensus pell-to-cell transport. Recent evidence has shown RNA- winding capabilities in MPs postulated to promote types
f transport different from the tobamo mechanism (Fujita
t al., 1998; Jansen et al., 1998; Kasteel et al., 1997;
choumacher et al., 1992). The knowledge accumulated
eems to indicate that nucleic acid-binding properties
re a general feature among most viral MPs. It should be
oted, however, that additional functions (for which the
inding properties would be required) could be poten-
ially identified in this class of proteins.
In addition to carmoviruses, there are other viruses
hat produce more than one protein implicated in trans-
ort function, as part of protein blocks encoded by genes
hat usually overlap each other. Necroviruses (the most
imilar to carmoviruses) encode two small putative MPs;
ombusviruses encode two 39 terminal nested proteins
mplicated in virus spread; and potexviruses, carlavi-
uses, hordeiviruses, and furoviruses contain the so-
alled triple gene block (TGB). It has been proposed that
eparate MPs perform functions that would be located in
istinct motifs/domains of single MPs. In the case of the
GB from potato virus X, the 25-kDa protein binds nucleic
cids in vitro (Kalinina et al., 1996), whereas the 8-kDa
rotein locates to the cell wall (Hefferon et al., 1997).
arMV p7 is an RNA-binding protein, whereas CarMV p9
oes not contain obvious nucleic acid-binding se-
uences. Conversely, CarMV p9 is a hydrophobic protein
redicted to contain transmembrane helical domains
unpublished observations) that are absent in p7 and that
ould target p9 to membranes and cell wall. Attempts to
roduce CarMV p9 in E. coli were unsuccessful (not
hown) due to gene toxicity, a deleterious property of
embrane-bound proteins when produced in bacteria.
armoviruses can thus be included among the viruses
tide. The spectra were recorded for the peptide alone (dotted line) or
rMV p7. Sequence alignment is shown (left) for the CarMV p7 peptide
s the a-helix region in CarMV p7, as concluded from circular dichroism
. The consensus sequence is shown at the bottom following the same
derlined. Helical wheel diagram of the a-helix RNA-binding domain of
s are circled.ed pep
n of Ca
x cover
in bold
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362 MARCOS ET AL.ains/functions. Remarkably, CarMV p7 is in the lower
ize limit of MPs and can be considered as one of the
mallest nucleic acid-binding proteins in plant viruses. It
s established that larger MPs, even those forming part of
ultiple MP blocks, contain additional functional do-
ains; for instance, RNA-binding proteins from TGB of
otexviruses and hordeiviruses display ATPase activities
Donald et al., 1997; Kalinina et al., 1996).
We have shown that a 19-residue peptide whose se-
uence corresponds to the central portion of p7 was able
o bind RNA in solution with roughly the affinity of the
rotein (1.1 mM) (Fig. 7). Although it may be conceivable
hat p7 had other binding motifs, (1) the similar affinities
or RNA of both the peptide and the protein and (2) the
bsence of other predicted nucleic acid-binding motifs in
7, strongly suggest that the peptide sequence includes
he RNA-binding motif of the protein. Unfortunately, there
s no infectious transcript clone of CarMV available to
onfirm the relevance of this domain in vivo. Very re-
ently, an amino acid change in the homologous domain
f TCV p8 (Fig. 8B) has been shown to alter both an
NA-binding capability of the protein and the systemic
pread of the virus (Wobbe et al., 1998). RNA-binding
otifs have been mapped in other MPs (Bleykasten et
l., 1996; Citovsky et al., 1992; Fujita et al., 1998;
choumacher et al., 1994; Vaquero et al., 1997). In all
hese examples, as occurs with CarMV p7, the se-
uences are rich in basic residues (Arg and Lys) and
lso contain some amide-containing side chains (Asn
nd Gln).
Viral MPs have remained elusive to structural charac-
erization, mostly due to the difficulty in purifying and
btaining them in preparations suitable for the required
tudies. We have taken the alternative approach of study-
ng domains of the CarMV p7 MP through analysis of
orresponding synthetic peptides. The fact that the p7
eptide binds RNA with the affinity of the protein would
alidate the approach for the characterization of this
NA-binding domain in p7. This situation is similar to that
escribed for the HIV Tat and Rev proteins (Tan et al.,
993; Weeks and Crothers, 1991) and ilarvirus CP (Ansel-
cKinney et al., 1996) in which Arg/Lys-rich regions can
unction as independent RNA-binding domains that
imic the binding properties of the intact proteins. We
emonstrated that the p7 peptide is capable of folding
nto an a-helix (Fig. 8A). Taking together these results as
ell as the sequence comparison among different car-
oviruses and the structure prediction data (Fig. 1B), we
ropose a working model for the RNA-binding domain of
7 (Fig. 8B). This domain would consist in an a-helix that
ollows a sequence rich in basic residues. The helix
hows a very characteristic and conserved amino acid
ide chain distribution when different carmovirus pro-
eins homologous to p7 are compared, with an Arg res-
due (in the case of CarMV) located in one side of the
elix in which small aliphatic residues (Val, Ala, and Ile) ere conserved. Arginine residues have been shown to
lay a relevant role in a number of RNA–protein interac-
ions (Ansel-McKinney et al., 1996; Draper, 1995), and
hey are prone to form bidentate interactions with phos-
hates, sugars, and/or bases of RNA targets (Draper,
995). Although b-sheet surfaces seemed to be a widely
sed framework for achieving specific RNA recognition
Kenan et al., 1991), a-helixes have been also found and
haracterized (Tan et al., 1993; Tan and Frankel, 1995).
he CarMV p7 a-helix domain defines a new RNA-bind-
ng domain for plant virus movement proteins, with no
pparent sequence specificity. Future experiments will
ddress the identification of residues within this se-
uence critical for RNA binding and peptide folding, as
ell as additional characterization of the peptide–RNA
nteraction.
MATERIALS AND METHODS
irus isolate and plant material
CarMV isolate Dixie (CarMV-Dix) was obtained from a
aturally infected carnation plant (Dianthus caryophyllus,
v. Dixie) (Sa´nchez-Navarro et al., 1996). After two single
esion passages onto the experimental host Chenopo-
ium quinoa, the isolate was propagated in the same
xperimental host and purified as described previously
Dı´ez et al., 1998). Viral RNA was extracted from virions
s described previously (Carrington and Morris, 1984). To
ssay for the production of CarMV p7 in vivo, Ch. quinoa
lants were infected with CarMV-Dix at inoculum con-
entrations to render ;50 local lesions and leaf tissue
amples were harvested at 6 days postinoculation.
onstruction of plasmids and sequence analysis
The construction and sequencing of pCarM.D5,
CarM.27K, and pCarM.Ec3 (Fig. 1A) will be described
lsewhere (Can˜izares et al., in preparation). The insert
loned into pCarM.7KH covers the p7 and p9 sequence
Fig. 1A) and was obtained by RT-PCR amplification of
he viral RNA using the sense and antisense oligonucle-
tides VP-30 and VP-12, respectively. The sequence of
P-30 is 59-dAGTGGATCCATGGATATTGAATCG-39, in-
luding CarMV nucleotide residues 2334–2348 at the
et start codon of p7 (in bold), and includes a BamHI site
underlined). The sequence of VP-12 is 59-dCCCTCCATT-
GTGTCACC-39, which is complementary to residues
648–3631 of CarMV. After PCR amplification, the result-
ng fragment was gel purified, digested with BamHI and
indIII (a site located at nucleotide 2974 of CarMV), and
nserted into pBlueScript KS(1) (Stratagene) to render
CarM.7KH. The cloned CarMV fragment of 640 nucleo-
ide residues was sequenced in both directions with
hain-terminating inhibitors and T7 DNA polymerase.
he detailed sequence of pCarM.7KH will be reported
lsewhere (Can˜izares et al., in preparation).
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363RNA-BINDING DOMAIN OF THE CarMV p7The location of CarMV RNA sequences from plasmids
CarM.D5, pCarM.27K, pCarM.7KH, and pCarM.Ec3 in
he CarMV genome is shown in Fig. 1A. pCarM.D5 is a
UC18-derived plasmid that places the T7 RNA polymer-
se promoter such that transcription is initiated at the
irst nucleotide of CarMV RNA and spans up to an EcoRI
ite located at nucleotide 181. Both pCarM.27K and
CarM.Ec3 are in pBlueScript (Stratagene) and represent
ucleotides 181–748 and 2887–4003, respectively. The
ranscripts obtained from pCarM.27K, pCarM.7KH, and
CarM.Ec3 by phage RNA polymerase synthesis contain
lasmid derived- in addition to viral sequences.
CarMV-Dix p7 sequence was aligned to those of the
omologous proteins from the carmoviruses cardamine
hlorotic fleck virus (CCFV) (GenBank accession no.
16015), cowpea mottle virus (CPMoV) (GenBank acces-
ion no. U20976), melon necrotic spot virus (MNSV)
GenBank accession no. M29671), saguaro cactus virus
SCV) (GenBank accession no. U72332), and TCV (Gen-
ank accession no. M22445) using the Clustal W multi-
le-sequence alignment algorithm (Thompson et al.,
994). Secondary structure predictions were carried out
sing the algorithm AG PREDATOR (http://www.
mbl-heidelberg.de/argos/predator/) for predictions from
ultiple sequences of related proteins. Clustal W se-
uence alignment was corrected manually to accommo-
ate secondary structure predictions.
roduction in bacteria and purification of CarMV p7
Plasmid pQE-7K was constructed through insertion of
he BamHI–HindIII fragment from pCarM.7KH into
QE-30 (QIAgen), fusing the p7 sequence after a se-
uence coding for a six histidine tag (MRGSHHHHH-
GS). E. coli M15 (pREP4) cells (QIAgen) transformed by
ither pQE-7K or pQE-30 (as control) were selected on
B medium containing 100 mg/ml ampicillin and 25
g/ml kanamycin. Transformants were grown at 30°C.
nduction of gene expression at 1 mM IPTG for 5 h and
rotein purification using Ni-NTA agarose columns (QIA-
en) under denaturing conditions were carried out es-
entially as described by the manufacturer. Purified
arMV p7 was finally eluted from the column in a buffer
ontaining 100 mM sodium phosphate, 10 mM Tris–HCl,
H 6.3, 8 M urea, and 400 mM imidazole. This CarMV p7
reparation was used in RNA–protein blot experiments.
For gel electrophoretic mobility shift assays (EMSAs;
ee below), CarMV p7 preparations were further pro-
essed as follows. Gel filtration chromatography through
ephadex G-25 NAP-5 columns (Pharmacia Biotech) was
sed to exchange the elution buffer for BB buffer (see
elow for composition), and the void volume fractions
ontaining CarMV p7 were concentrated using Ultra-ree-MC Biomax-5 microcentrifugal units (Millipore). troduction of antiserum and Western blot analyses
CarMV p7 preparation (500 ml; ;100 mg of protein)
ontaining 8 M urea was emulsioned with 500 ml of
reund’s complete adjuvant and used for immunization
f two rabbits through intradermal injection. Immuniza-
ions were repeated three times at 2-week intervals with
ncomplete adjuvant. Antisera were collected 2 weeks
fter the last immunization and tested to confirm CarMV
7 recognition and titer.
Proteins were separated through denaturing SDS
olyacrylamide gels (SDS–PAGE) (Laemmli, 1970) and
hen transferred onto nitrocellulose membranes (Schlei-
her & Schuell) using MiniPROTEAN II and MiniTransblot
ell systems (BioRad). Electrotransfer was conducted in
0 mM CAPS, pH 11.0, 3 mM DTT, 0.02% SDS, and 20%
ethanol. Proteins were probed with the antiserum
aised against CarMV p7 diluted 1:5000. Antibody bind-
ng was detected by immunoreaction to anti-rabbit IgG
oupled to alkaline phosphatase and subsequent chemi-
uminescent detection using CSPD substrate (Boehr-
nger Mannheim).
ucleic acid-binding assays
In vitro transcribed RNA probes were labeled with DIG
Boehringer Mannheim) using the appropriate RNA poly-
erase for each plasmid, following the manufacturer’s
nstructions. Template DNA was digested with RNase-
ree DNase after transcription. Transcripts were ethanol
recipitated. Aliquots of the transcripts were quantified
y comparison with standards through gel electrophore-
is.
Protein (or peptide) RNA-binding studies were per-
ormed by either RNA–protein blot assays or EMSAs. For
he EMSA, different amounts of purified CarMV p7 (or
eptide) were incubated with 1 ng of DIG-labeled RNA in
10 ml final volume of binding buffer (BB) for 30 min on
ce [BB is 10 mM Tris–HCl, pH 8.0, 1 mM EDTA, 100 mM
aCl, 5 units HRPI RNase inhibitor (Amersham), and 10%
lycerol]. After incubation, 2 ml of tracking dye was
dded, and the samples were electrophoresed through
.8% agarose at 50 V in TAE buffer. RNAs were trans-
erred to positively charged nylon membranes (Boehr-
nger Mannheim) by capillary elution in 203 SSC (Sam-
rook et al., 1989). RNAs were fixed to the membranes by
V irradiation with a transilluminator for 3 min. Detection
f DIG-labeled nucleic acids was conducted as de-
cribed previously (Palla´s et al., 1998) with CDP-Star
ubstrate (Boehringer Mannheim). To quantify the
mount of free RNA probe in each sample, films were
ubjected to densitometry as follows. Two different ex-
osures were selected for each experiment; in each film,
hree scans were performed for each sample, the me-
ian value was chosen and normalized to the control,
nd finally the mean of the two normalized values fromhe selected exposures was taken as the fraction of free
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364 MARCOS ET AL.NA in each sample. Control detection experiments
ere conducted with serial 2-fold dilutions of probe to
onfirm linear regression between the signals and the
mounts of probe within the densitometry values mea-
ured.
For RNA–protein Western blot assays, protein samples
ere separated through SDS–PAGE and then electro-
lotted onto nitrocellulose membranes. Assay for bind-
ng to DIG-labeled RNA probes was conducted as de-
cribed previously for radioactive probes (Ferna´ndez et
l., 1995), with some modifications. Briefly, membranes
ere incubated four times for 30 min in RN buffer (10 mM
ris–HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl, 0.05% Triton
-100, and 13 Denhardt9s reagent), followed by a 3-h
ncubation in RN buffer in the presence of 500 ng of the
IG-labeled probe and three 15-min washes in RN. De-
ection of DIG probes was carried out as described
bove, except that Tween 20 was omitted from the wash-
ng solutions. For RNA–protein dot-blots, nitrocellulose
embranes were preincubated in TBS (25 mM Tris–HCl,
H 8, 150 mM NaCl), followed by dot application of the
rotein preparations onto the membranes and drying.
inding of probes and detection were conducted as
bove. In dot-blot experiments, different concentrations
f NaCl in the RN buffer were tested.
eptide synthesis and circular dichroism spectra
nalyses
The CarMV p7-specific peptide (Ac-GNRGKQKTRRS-
AKDAIRK-Am, whose sequence corresponds to p7 res-
dues 17–35, see Fig. 1B) was synthesized on solid-
hase using the base-labile 9-fluorenylmethoxycarbonyl
Fmoc) group for the protection of the a-amino function
Fields and Noble, 1990). Side chains were protected by
ither t-Bu (Asp, Ser, Thr, Tyr), Trt (Asn, Gln), Pmc (Arg), or
OC (Lys). Peptide was assembled on TentaGel S RAM
esin to yield peptide as C-terminal amide (0.24 mmol/g-
APP polymer, DE) using couplings mediated by diiso-
ropylcarbodiimide (DIC)/hydroxibenzotriazol (HOBT).
he protecting Fmoc group was cleaved by 20% piperi-
ine in DMF for 30 min. The N-terminus of the peptide
as acetylated using an excess of acetic anhydride in
MF. The peptide was then cleaved from the resin,
recipitated in cold t-butylmethylether, dissolved in ace-
ic acid, and lyophilized. The peptide was further purified
y preparative reverse-phase (RP) HPLC and finally
hecked by analytical RP HPLC, mass spectrometry, and
uantitative amino acid analysis.
Circular dichroism spectra from the peptide were re-
orded in the far-UV (195–250 nm) using a Jobin Yvon
D6 spectropolarimeter with a 1-mm path length. Pep-
ide concentration was 25 mM in 5 mM 3-(N-morpholino)-
ropanesulfonic acid, pH 7.0, buffer, and different con-
entrations of trifluoroethanol were included, depending
n the experiment. Each spectrum presented is the av- Frage of five scans. An estimation of secondary structure
f the peptide was obtained from the circular dichroism
pectra using the CONTIN algorithm (Provencher and
lo¨ckner, 1981).
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